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The Mechanical Response of Gold Substrates Modified with
Self-Assembling Monolayer Films

Ross C. Thomas, J. E. Houston, Terr/ A. Michalske, and Richard M. Crooks

Abstract

We have used the newly developed interfacial force microscope (IFM) to study the

adhesive and mechanical properties of a Au substrate. We show that a W probe

interacting with a Au surface results in plastic deformation under very small repulsive

loads and transfers Au to the probe surface in a galling interaction upon removal.

However when the Au surface is passivated by a self-assembling monolayer of n,-

docosanethiol molecules (CH3(CH2)21SH), the substrate is able to elastically support

large repulsive loads with no attractive interactions. Within this elastic region, the

load/deformation relationship closely follows the classic Hertzian model for a rigid

punch deforming an elastic half space. As a result, we are able to determine the

maximum values for the shear-stress threshold for plastic deformation to be

approximately 1 GPa in agreement with theoretical determinations. Above this value,

the substrate permanently deforms. Remarkably, however, the strong binding of the

molecular film to the Au surface permits it to maintain its passivating properties even

after gross plastic damage.

Ross C. Thomas and Richard M. Crooks are in the Department of Chemistry, University

of New Mexico, Albuquerque, New Mexico 87131. J. E. Houston and Terry A.

Michalske are in the Surface Science Department, Division 1114, at Sandia National

Laboratories, Albuquerque, New Mexico 87185



Introduction

Several recent studies have demonstrated the ability of monolayer-level films of

organic molecules to passivate the strong adhesive interaction between metal

surfaces (1-5). For example, we have used the newly developed interfacial force

microscope (IFM) (6) to study the behavior of a methyl terminated n-hexadecanethiol

(CH3(CH2)15SH) monolayer film adsorbed on a Au surface (1). We found a

negligible adhesive interaction between a W probe and either the methyl-terminated

film surface or the underlying Au substrate surface even at loads capable of

permanent Au deformation (1, 2). These studies strongly suggest that such films could

become important as surface-specific lubricants with very high breakdown resistance.

In the present paper, we expand our earlier studies to quantitatively evaluate

how a thin organized monolayer film changes the mechanical interaction between a

Au surface and a W probe. Secifically, we show that below substrate shear stress

levels of approximately 1.0 GPa, the deformations are consistent with those expected

from a Hertzian model involving a rigid, non-interacting punch elastically deforming a

substrate. This behavior is in stark contrast to the situation observed in the absence of

the monolayer film where we find, in agreement with recent experimental and

theoretical results (4, 5), that permanent damage occurs under negligible loads and

there is a transfer of Au to the probe surface. For higher stress levels, in the presence

of the film, the surface is found to permanently deform. However, the passivating

properties of the film are maintained even after considerable plastic deformation.

Thus, not only are these findings supportive of the unique lubricating behavior of the

thiol monolayers on Au, but they also indicate that such films can play an important

role in facilitating studies of the nano-scale mechanical properties of materials.

Experimental Aspects
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Self-assembling monolayer films confined to Au surfaces are parlicularly gccc

model systems for adhesion and lubrication studies since the film structures are wei

understood as a result of extensive analyses by optical ellipsometry, electrochemistri.

transmission electron microscopy, low energy electron diffraction, neutron diffraction.

x-ray diffraction and x-ray photoelectron spectroscopy (7-10). These s!udies indicate

that the sulfur head groups of n-alkanethiols strongly bind to a specific site on the Au

(111) surface to form a Au(I)-thiolate species. The aliphatic portion of the molecules

interact through intermolecular van der Waal's forces causing the surface-confined

structures to form well-ordered and densely packed assemblies with their molecular

axes tilted 25-300 from the surface normal.

In the present studies, the monolayer films were prepared by soaking Au

substrates in 0.5 mM n-docosanethiol solutions in purified hexadecane for 24 h.

Substrates were prepared by e-beam vapor deposition of 20 nm of Ti followed by 200

nm of Au onto Si (100) surfaces. Immediately before adsorbing the organic films, the

Au substrates were cleaned in a 3:1 concentrated H2SO 4 :30% H2 0 2 solution.

Freshly prepared monolayer surfaces were thoroughly rinsed with hexadecane and

dried with N2. The films were characterized by ellipsometry and Fourier transform

infrared external reflectance spectroscopy prior to IFM studies. The trickness and

vibrational spectra agreed with those reported previously (9,11).

We recently introduced the interfacial force microscope (IFM) specifically to

study interfacial interactions between carefully characterized and controlled surfaces

and image this interaction with nanometer resolution in both the attractive and

repulsive scanning modes. The IFM compliments and expands the capabilities of

existing interfacial f=rf instruments such as the surface forces apparatus (12), the

i-anoindenter (13), and the atomic force microscope (5). The IFM's expanded

capability stems from its differential-capacitance force sensor that uses a self-

balancing force-feedback scheme. This feature permits quantitative interfacial-force
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measurements and eliminates the mechanical instability encountered in deflection-

based force sensors--the so-called "jump-to-contact" effect (5, 14).

The present IFM measurements were carried out in q low pressure chamber

evacuated to 10-8 mmHg and then backfilled with I atm of dry N2 . The W probe was

characterized by scanning electron microscopy (SEM) and found to have a parc.oiic

shape with a radius of curvature at the apex of approximately 500 nm. At the start of

each experiment, contaminants were field desorbed from the W probe by applying 300

V to the tip in series with a 52 M£ resistor. This procedure desorbs all but the most

tightly bound species leaving only small amounts of chemisorbed C and 0 (15). IFM

loading data were obtained in the force-feedback mode by bringing the sample from

probe-sample separations of a few nanometers into repulsive contact up to a specified

load level and then returning to the original position at a constant rate of 5 nm/sec.

Force images were taken in the repulsive mode at a constant load level of 0.2 ItN.

Results and Discussion

A typical loading cycle for an n-docosanethiol film is shown in Fig. 1A

up to repulsive loads of almost 15 ,iN, where positive displacements indicate repulsive

forces. The zero separation value is arbitrarily chosen to represent the starting point of

the sample approach. Several features are evident from these results: 1) no

appreciable attractive behavior is detected at any point in the cycle, 2) the interfacial

force becomes repulsive at a displacement value of approximately 2 nm, increases

and reaches a maximum load of just less than 15 gN at about 5.6 nm and 3) upon

reversal, the loading curve is retraced down to a load level near 3 ýiN at which point a

hysteresis "loop" opens with the interfacial force falling more rapidly than it rose upon

approach. These results are in keeping with our earlier findings for a n-

hexadecanethiol film on Au (1, 2): 1) the inert methyl-terminated surface of the film
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produces a negligible adhesive interaction with the W probe, 2) the hysteresis iocc

results from the time-dependent response of the film being compressed between !he

probe and substrate surface, 3) when the loop closes at higher loads, the film is luý!V

compressed and the observed deformation represents the elastic response of the

substrate surface and 4) even at the highest loads, which elastically deform the Au. no

adhesive probe/substrate interaction is observed.

If the monolayer film eliminates the adhesive interaction between the probe and

substrate surface, then the loading behavior of Fig. 1A can be analyzed by simple

Hertzian (16) contact mechanics to obtain a more quantitative measure of the stresses

and deformations produced during the experiments. Modeling the system as a

noninteracting, rigid parabolic punch deforming an elastic half space indicates that

after contact the applied load will scale as the three halves power of the surface

displacement (16). The unloading portion of Fig. 1A is shown in Fig. 1B, along with a

Hertzian model curve (the solid line). We have only analyzed the unloading portion of

the cycle of Fig. 1A since it is least affected by the mechanical properties of the film (1).

The model curve was obtained by performing a least-squares fit to a three-halves

power, offset-displacement function over the region from 4 to 5.6 nm to determine both

the prefactor for the Hertzian equation (16) and the offset origin. This allows us to plot

the resulting model function down to the contact point by analytic continuation. The

fact that the Hertzian model function provides an excellent fit over a large portion of

the unloading curve in Fig. 18 lends credibility to the purely elastic contact-mechanics

model and permits a determination of the probe-tip dimensions and ihe contact

stresses in the substrate. The resultant tip radius is 375 nm (the probe has a

parabolic shape and this value represents the radius of curvature at the apex).

Following this approach (16), we find that for a load of 15 piN the monolayer-modified

Au substrate is exposed to a maximum compressive stress of 3.4 GPa. Subsequent
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elastic analysis indicates that this loading condition results in a maximum substrate

shear stress of 1.0 GPa (17).

From a materials standpoint, it is remarkable that the maximum stress level

applied during elastic contact is comparable to the calculated theoretical shear

strength for Au (18). It is likewise remarkable that the self-assembling film resists

being displaced and continues to passivate or lubricate the Au surface under such

high-stress values.

To underscore the unique behavior just described, we show in Fig. 2A the

contrasting results for a W probe interacting with a Au surface in the absence of the

thiol film. The substrate was prepared by cleaning in a concentrated H2 SO 4 :30%

H20 2 solution immediately prior to imaging. For this surface, we observe a slight

repulsive wall at a relative displacement of approximately 48 nm that we attribute to

the probe making contact with a non interacting layer of surface contamination,

probably consisting of adventitious hydrocarbons and water (5). At a repulsive load

near 0.4 p.N, the probe begins to force the contaminant layer out of the way and starts

to develop an adhesive bond to the Au substrate at a displacement of about 27 nm

(19). The level of adhesion rapidly rises to a value of near -1 I.LN after which

probe/substrate contact begins, subsequently leading to repulsive loads at about 33

nm. After reversing the sample motion at a peak load of about 20 ItN, hysteresis

i•.ediat..y develops and a large adhesive contact is formed reaching levels near -3

g.N at about 29 nm. At displacements slightly less than 29 nm, the adhesive contact

suddenly ruptures and the interfacial force rapidly returns to zero. The fact that the

rupture occurs at a displacement value considerably removed from the original contact

suggests that the strong adhesive interaction has caused the Au surface to neck

toward the probe as it is withdrawn, narrowing and eventually failing. This galling

behavior is very similar to that found in clean-surface modeling of metal probe/metal
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substrate interactions (4). Overall behavior similar to that shown in Fig, 2A has bee

reported earlier for a similarly prepared Au sample (5).

We can better visualize the galling effect of the tip/substrate interaction

illustrated in Fig. 2A by using the scanning capability of the IFM to actually image the

Au surface. Images of this kind are taken in the constant repulsive-force mode at a

force level of 0.2 jxN. (Note: this loading value is insufficient to break through the

contaminant layer --see Fig. 2B--and permits images to be obtained without galling).

The result of this procedure is shown in Fig. 2B which covers a scanning area of

300x300 nm. The height scale in all images has been magnified by 10x to better

illustrate the surface topography. The image contrast is such as to give the effect of

lighting from left to right. One can see the general morphological structure of the

polycrystalline surface, with features having dimensions of a few hundred nanometers,

along with several sharp depressions (one of these is marked by an arrow). The

depressions are not present in images of the surface prior to loading-cycle

measurements. Line scans reveal a height relief of a few tens of nanometers and

show that the depressions have widths and depths of several tens of nanometers.

The sides of the depressions are very steep supporting the notion that large chunks of

Au have been torn from the substrate surface during the necking/rupture process

described earlier. In support of this contention, we find that the general resolution of

images taken after the loading cycle is enhanced, indicating that the mophological

structure of the probe has been altered (sharpened). The original image quality can

be regained by subsequently field-desorpting Au from the probe surface, since it has

a low desorption field strength (15). The procedure can be repeated with similar

results providing compelling evidence for Au transfer.

For a monolayer-covered surface, we can determine the stress level

corresponding to the threshold for plastic deformation by taking load-cycle data of the

kind shown in Fig. 1 to higher loading levels. Figure 3A shows such data, taken in the
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same surface region as was used in Fig. IA, up to a peak load of 27 4N, In contr:y•-,

to Fig. 1A, a strong hysteresis is observed over the entire loading cycle. This bet•av-r

indicates that plastic or permanent deformation of the Au surface is occurring at these

high loading levels. We can estimate the loading threshold for plastic deformation cy

comparing the loading curve with that predicted by the elastic analysis. Since this ,s

the same surface as probed in Fig. 1, the elastic portion of the loading curve of Fig. 'AA

can be characterized by the same Hertzian model function used earlier. The

comparison is shown in Fig. 3B, where the point-of-contact has been shifted to

compensate for the different starting point for the loading cycle. We see that past the

region involving film compression, the substrate loading behavior follows the mocel

function only over a limited region increasing less rapidly at the higher loading leveis.

Thus, the data of Fig. 3B shows that the loading threshold for plastic deformation is

above 15 .N, which we determined to represent a maximum shear stress of

approximately 1.0 GPa.

It should be noted that the model function, even if shifted, does not descnbe the

unloading portion of Fig. 3A. This is due to the fact that the latter involves the elastic

unloading of our parabolic punch embedded in a small socket created by the previous

loading deformation. The relationship between load and displacement is quite

different in this region. Importantly, it shoulu also be noted that even after the Au

sample has been significantly deformed there is still no evidence for tip-substrate

adhesive interactions.

We can again verify the deformation of the Au substrate by imaging the surface

before and after the high level loading-cycle measurements. These comparisons are

shown in Fig. 4A and 48 taken before and after a loading cycle to 57 gN, respectively,

The images were processed similarly to that shown in Fig. 2B, except here color-

height contrast is used and the images are presented in perspective. The surface
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defect in the upper left-hand corner serves as a reference point to evaluate

instrumental drift during the 10 min data acquisition period.

The Au-substrate damage caused by the loading cycle of Fig. 2A is confirmec

by the second image, Fig. 48, which clearly shows the presence of an indentation ir

the middle of the image that was not originally present. The details of the shape of *h.e

deformed area are better illustrated by subtracting the first image from the second ore,

which is shown in Fig. 4C. Treating the data in this manner eliminates the general

surface morphological structure, as well as the defect in the upper left hand corner,

and confirms the stability of the instrument. In addition, line scans through the center

of the deformed area give a quL.ntitative measure of the width and depth of the

deformation, which yields values of approximately 51 nm and 2.8 nm, respectively.

From these values, assuming a parabolic probe shape, we calculated a tip radius of

curvature of 460 nm, in good agreement with the SEM results and our Hermzian

deformation analysis.

Conclusions

In agreement with earlier results (5), we have shown that the strong adhesive

interaction between a W probe and bare Au substrate results in plastic deformation

under negligible applied loads. Probe removal results in galling which transfers Au to

the probe surface. In the presence of an adsorbed monolayer of self-assembling

docosanethiol molecules (CH3(CH2)21 SH), however, the W/Au interaction is

passivated and we observe elastic deformation of the substrate up to shear-stress

levels of approximately 1.0 GPa and compressive stress values of 3.4 GPa. Above this

stress, the substrate is permanently deformed. However, even in the presence of

gross deformation, the film maintains its passivating properties and negligible

adhesion is observed upon probe withdrawal. The ability of the monolayer film to
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passivate at high loading levels, up to 57 uN (see Fig. 4), is in contrast to the behavwor

of the contaminant layer on the thiol-free Au surfacre Here, metal/metal passivation ýs

only maintained to load levels of about 0.4 N.A A, highe, loads, the probe displaces

the layer and forms a strong adhesive bond galling the surface upon probe

withdrawal. The strong monolayer/Au interaction is the key feature differentiating

these contrasting behaviors.

It has long been recognized that an adhesive interaction between probe and

substrate in indenter experiments can have a dramatic effect on the measured contact

deformations (20). The interaction gives rise to an enhanced production of defects in

the high-stress region near the edges of the contact area, an effect which is

dramatically illustrated by recent model calculations (21). In addition, studies have

shown that oxide and carbon contamination films greater than about 50 A th, K on

metal surfaces can cause large changes in mechanical behavior (22). However to our

knowledge, the present results are the first to show such dramatic alterations nr,

mechanical properties involving the intervention of only a single molecular monolayer,

which itself cannot contribute a significant film stiffness.

From a materials standpoint, the shear stress at yield for Au has been predicted to

be 0.74 GPa (18). Our results agree within 25% of this prediction suggesting that we

are measuring the intrinsic yield behavior of the Au substrate. Since the self-

assembling films are incapable of supporting shear stress themselves, these results

show that the passivation of the interfacial adhesive force is primarily responsible for

our ability to explore the intrinsic surface mechanical behavior. It is clear that films

which are stable under high loads can play an important role in surface mechanical-

property studies of materials and show great potential for aiding in understanding the

role of the interface in defect production and migration.
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FIGURE CAPTIONS

Fig. 1. (A) Interfacial force vs. displacement (loading cycle) behavior for a Au surfac.e

covered with a CH3(CH 2 )2 1SH monolayer film interacting with W probe having a

parabolic shape with a radius of curvature at its apex of approximately 500 nm. Zero

displacement represents an arbitrary starting and ending position and positive values

indicate repulsive forces. (B) Withdrawal curve of the loading cycle in (A) comparec

with the Hertzian model function (16) for a rigid parabolic punch indenting an elastic

half space (the solid line).

Fig. 2. (A) Loading cycle for a Au substrate, in the absence of a methyl-terminated

monolayer film, interacting with the W probe used to obtain the data shown in Fig. 1.

(B) Repulsive-force images of the Au surface after the loading cycle of (A) taken at a

constant repulsive load of 0.2 pN. The relative height scale has been magnified by

1 Ox.

Fig. 3. (A) Loading-cycle measurement for a monolayer covered Au substrate up to

repulsive load of approximately 27 p.N. The W probe is the same as that used in Fig.

1. (B) Data obtained from (A) plotted against the Hertzian model function obtained in

Fig. 1 B. The point-of-contact for this function has been shifted to account for the

change in the loading-cycle starting point.

Fig. 4. Constant repulsive-force images of Au covered by a CH 3 (CH 2)2 1SH

monolayer film. (A) Image before any permanent damage occurred to the Au surface.

(B) Image taken immediately after a force profile to a peak load of 57 tiN. (C) A

difference image resulting from the subtracting of (B) from (A). The relative height

scales have been magnified by 1 Ox.
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